The present study was performed to determine the potential of applying dual-energy subtraction (DES) digital tomosynthesis to basic physical evaluations. Volumetric X-ray DES digital tomosysnthesis was used to obtain an image of a detectability phantom (an artificial lesion). The image quality of DES digital tomosynthesis was compared to that of DES radiography. The purpose of this study was to determine enhanced visibility quantified in terms of the contrastto-noise ratio, figure-of-merit, and root-mean-square error. In the in-focus plane, the image quality is better by DES digital tomosynthesis than by DES radiography. The potential usefulness of DES digital tomosynthesis for evaluating a detectability phantom was demonstrated. Further studies are required to determine the ability of DES digital tomosynthesis to quantify the spatial relationships between the artificial lesion components of these devices, as well as to identify lesions with diagnostic consequences.
Introduction
Dual-energy subtraction (DES) imaging can be used to improve the conspicuity of a specific tissue. With DES imaging, the image signal of one tissue material can be suppressed in order to remove anatomic background noise, thereby enhancing the contrast of the feature of interest. DES involves making two radiographic projections of the patient using X-ray beams of different energies. By exploiting the difference in the energy dependence of attenuation between bone and soft tissue, the contrast of the bone can be reduced to produce a softtissue-only image, and the contrast of the soft tissue can be reduced to produce a bone image [1] . Computed tomography (CT) scanners were used in the Scout-view mode [2] , and an even film has been proposed as a dualenergy receptor [3] . Recent computed radiography (CR) systems have been hampered by poor subtraction effectiveness, workflow inconveniences, and detective quantum efficiency limitations in the CR technology. DES, in conjunction with a flat-panel detector (FPD), is now commercially available for chest radiography applications [4] . DES has been applied to the detection of calcium in pulmonary nodules [5, 6] , bone mineral analysis [7] , and cardiac imaging [8] .
Although DES imaging increases object conspicuity and detectability by removing anatomic background noise, recent advances in digital radiography with FPDs offer the possibility of increased DES performance. With their high quantum efficiency, efficient dose utilization, and fast-frame readout capabilities, new possibilities for DES imaging with FPDs exist for applications in both digital tomosynthesis and digital radiography.
Conventional tomography provides planar information about an object from its projection images. In tomography, an X-ray tube and an X-ray film receptor are placed on either side of the object. The relative motions of the tube and film are predetermined by the desired location of the in-focus plane. A single image plane is generated by a scan; however, multiple scans may be required to provide a sufficient number of planes to cover the selected structure in the object. In digital tomosynthesis imaging, only one set of discrete X-ray projections can be used to retrospectively reconstruct any plane of the object. This technique has been investigated for angiographic analysis, as well as for chest, hand joint, pulmonary, dental, and breast imaging analyses [9] .
DES digital tomosynthesis is a new technique; therefore, there is little guidance for its integration into the clinical practice of radiography [10] [11] [12] . In this background, we focus on the possibility of detecting calcium in pulmonary nodules, specifically for chest diagnostics. The goal of this study is to investigate the effects of different DES techniques (digital tomosynthesis vs. digital radiography) and determine a combination that would optimize system performance given some clinically relevant experimental parameters.
Materials and Methods

DES Algorithm
We assumed monoenergetic X-ray beams denoted by H and L and an object made of two materials, bone and soft tissue (B, S). The intensity of the transmitted X-ray is given by
where L and H denote either the low-or high-energy Xrays, 0 I and I are the incident and transmitted intensities of the X-ray beam, B  and S  are the linear attenuation coefficients of bone and soft tissue, and B x and S x are the thickness of bone and soft tissue in the patient, respectively.
By considering a statement logarithm on Equations (1) and (2), we arrive at
Equations (3) and (4) can expressed as follows.
where
are weighting factors, and Equation (5) represents a process to enhance soft tissues and Equation (6) to enhance bone.
DES Digital Tomosynthesis and Des Digital Radiography Systems
The DES digital tomosynthesis system (SonialVision Safire II, Shimadzu Co., Kyoto, Japan) consisted of an X-ray tube with a 0.4-mm focal spot and a 432 × 432-mm amorphous selenium digital FPD with a detector element size of 150 × 150 μm. The motion of the collimator was synchronized with the tube motion constantly measuring the misalignment of low-kVp and high-kVp images. The image intensifier of the conventional DES tomosynthesis system used tube voltages of 60 and 120 kVp in clinical [13] and phantom [12] trials of chest examinations, respectively. In the FPDs of DES digital tomosynthesis imaging, pulsed X-ray exposures were used with rapid switching between low (60 kVp) and high energies (120 kVp). Tomography was performed with a linear tomographic movement of the system, a scan time of 6.4 s, and a swing angle of 40˚. Thirty-seven low-and high-voltage projection images were sampled during a single tomographic pass (Figure 1 ). These images were sampled at a matrix size of 2880 × 2880 by 12 bits and were used to reconstruct low-and high-voltage tomograms of any desired height. Bone or soft tissue tomograms were produced by weighted subtraction of each of the different absorption coefficients. Each projection image was acquired at 200 mA and a 20 -25-ms exposure time for lowvoltage X-rays, and at 200 mA and a ≤25-ms exposure time for high-voltage X-rays. The reconstitution slice thickness and reconstruction interval were fixed at 1 mm. An antiscatter grid (focused type, grid ratio 12:1) was used. The DES digital tomosynthesis images used filtered backprojection in their reconstruction [14] . The DES radiography system (SonialVision Safire II, Shimadzu Co., Kyoto, Japan) consisted of an X-ray tube with a 0.4-mm focal spot and a 432  432-mm amorphous selenium digital FPD with a detector element size of 150  150 μm. DES radiography images were processed from low-and high-voltage projection images by two rounds of double-exposure acquisition (Figure 1 ). Images were sampled at a matrix size of 2880 × 2880 by 12 bits and were used to reconstruct low-and high-voltage tomograms at any desired height. Bone or soft tissue images were produced by weighted subtraction of each of the different absorption coefficients. Each projection image was acquired at 200 mA and a 20 -25-ms exposure time 
Phantom Specification
For image quality evaluations, the radiation to the detectability phantoms was attenuated using polyurethane slabs. Detectability phantoms (artificial lesion region; CaCO 3 ) of different diameters and thicknesses were arranged within the polyurethane slabs (Figure 2 ). Radiograms were obtained using a detectability phantom, while the evaluation object was used for bone imaging. Polymethyl methacrylate (PMMA) steps (1 cm in size) were imaged over the PMMA stack whose thicknesses ranged between 5, 10, and 15 cm.
Evaluation Methods
The detectability phantom was used to compare image performance of DES digital tomosynthesis and DES digital radiography. DES processing techniques such as contrast-to-noise ratio (CNR), figure-of-merit (FOM), root-mean-square error (RMSE) were evaluated. In the DES digital tomosynthesis image evaluation, different reconstruction kernels [14] of the three components (cutoff frequencies 0.04, 0.02, and 0.01 cycles/mm) were compared in the in-focus plane. The evaluation item was established in four marks (large1, large2, small1, small2; Figure 2 ). In this study, the evaluation object was used for a bone image.
Contrast-to-Noise Ratio (CNR)
CNR per pixel was calculated as a measure of detectability of CaCO 3 in the images. CNR was defined as
A square region of interest (ROI) was drawn on either the image background or the object in the image in order to measure the signal level. The noise was taken as the standard deviation in the background ROI; is the mean pixel value in ROI within the object, (Figure 2) . Throughout these results, Backgound  included structure noise that can obscure the object, not just photon statistics and electronic noise. sures, respectively. FOM includes both measures of image quality and patient risk. It provides a single value measure of system performance and allows for an easy comparison between systems and different configurations of the same system. To establish the entrance surface dose, a glass dosimeter was used to measure the X-ray tube output.
Figure-of-Merit (FOM) FOM [15] was defined as
2 L H CNR FOM X X  (8)
Root-Mean-Square Error (RMSE)
The performance of the DES digital tomosynthesis and DES digital radiography systems was compared by evaluating the RMSE of each image (no PMMA images of any size, i.e., 5, 10, or 15 cm, were taken). RMSE was defined as
where k is the observed image, is the referenced image (no PMMA image), and is the number of compounds in the analyzed set. 
Results
Processing of the high-contrast detectability phantom gave clear contrast detectability by DES digital tomosynthesis imaging, and DES digital radiography produced an increase in the number of same images (Figure 3) . Regarding the images of similar signal size and CaCO 3 status, images processed by DES digital tomosynthesis had greater contrast than those processed by DES digital radiography. The CNR, FOM, and the quality of images produced by DES digital tomosynthesis were significantly superior to those obtained by DES digital radiography for DES digital tomosynthesis imaging. The results confirm that the CNR value increases when viewing a small signal (small1, small2) in the presence of CaCO 3 (Figures 4 and 5) .
The RMSE and error images produced by DES digital radiography were significantly superior to those obtained by DES digital tomosynthesis for DES digital radiography imaging (Figure 6 ). DES involves making two radiographic projections of the object using different energy X-ray beams. By exploiting the difference in the energy dependence of attenuation between the bone and soft tissue, the bone contrast can be reduced to produce a soft tissue image, and the contrast of the soft tissue can be reduced to produce a bone image. Conventional digital radiography systems have
Discussion
DES imaging has been proposed and investigated by many researchers as a means of reducing the impact of anatomic "noise" on disease detection by radiography. been hampered by poor subtraction effectiveness, workflow inconveniences, and limitations in detective quantum efficiency of the technology. Projection images acquired with DES techniques, however, are susceptible to overlap of anatomic features [16] [17] [18] [19] .
Quantum noise plays an important role in the degradation of contrast resolution of radiographs. It increases inversely with X-ray exposure and constitutes the dominant noise source at low-radiation exposure levels. Because of quantum noise, the technical factors used to reduce the radiation dose in the DES digital tomosynthesis system are limited to those levels usually employed in conventional digital tomosynthesis. However, synthesized tomograms can be obtained with the same technical specifications used for digital radiography when the presence of quantum noise can be tolerated. The information contained in a DES digital tomosynthesis voxel is obtained from 74 projections. Ideally, the number of X-ray quanta for the reconstruction of this voxel equals that from a single projection acquired with the same amount of total exposure. Considering the detector noise from the acquisition of each projection, CNR is reduced in radiography imaging, which distributes the total exposure over one projection.
In conventional tomosynthesis imaging, the type of motion used during data acquisition dictates the type of blurring of off-focal-plane objects in the image. On the other hand, three-dimensional reconstruction schemes such as digital tomosynthesis and CT require complete knowledge of the X-ray source projection geometry prior to exposure. This limitation precludes much of the potential task-dependent flexibility. This limitation also precludes accurate reconstruction from projections acquired from an object that moves unpredictably between exposures, as this is equivalent to not knowing the projection geometry. However, blurring cannot be eliminated by DES; it will still lead to inaccurate reconstruction from projections. DT overcomes these difficulties by enabling reconstruction of numerous image slices from a single low-dose image data acquisition. DT images are invariably affected by blurring due to objects lying outside the plane of interest and superimposed on the focused image of the fulcrum plane by limited acquisition angle. This results in poor object detectability in the in-focus plane.
Initial data from our study suggest that DES digital tomosynthesis will substantially enhance sensitivity and specificity of the detectability phantom study. Gomi et al., presents a comparative study of chest DES digital tomosynthesis and DES radiography with respect to their efficacy for detecting simulated pulmonary nodules with and without calcifications. The statistical evaluation results indicated that digital tomosynthesis performed better in detecting nodules than DES [12] . Carton et al., study is to assess the feasibility of DES as a technique for contrast-enhanced digital tomosynthesis. Contrast-enhanced DES digital tomosynthesis was able to provide morphorogy and kinetic information about the known malignancy [10] . Despite its potential, DES digital tomosynthesis is a new technique. In addition, this technique is not susceptible to the problems of image overlap, partial volume effect, or shifting of the image plane.
Conclusion
We conclude that DES digital tomosynthesis is superior to DES digital radiography for detecting phantom objects with artificial lesion regions. We believe that DES digital tomosynthesis imaging quality can improve the detection of lesion regions when applied in clinical practice.
